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STABILITY AND CONI!ROLCHARACTERISTICS OF A FIGHTER

AIRPLANE IN INV3RTED FLIGHT ATTITUDE AS

DETERMINED BY MODEL TESTS

By John W. Paulsm and Charles V. Bennett

sln9MmY

Tests have been made in the Lsngley free-flight
tunnel to compare the stability snd cmtrol character-
istics of a powered airplane model in the erect and in
the inverted flight attitudes. Force tests and yaw-trim
tests were made to determine the static stability charac-
teristics of the model snd power-off fll@t tests were
made to detemnine the general fli~t characteristics of
the model in the Inverted attitude.

The results of the tests showed that with zero thrust
the longitudinal and directional stsbility was almost the
same h the inverted flight attitude ES in the erect atti-
tude. With power on, however, a serious reduction in both
longitudtial.and directional stability occurred in inverted
flight. The effective dihedral was reversed in the
Inverted flight attitude.

INTRODUCTION

Fighter airplxnes at times assume inverted attitudes
while performing combat mmeuvers. Ihverted attacks are
sometimes made because such attacks provide a mesns for
a fast break-away from the opponent. Pilots of some
fighter slrplanes have recently reported encountertig
violent and uncontrollable maneuvers that apparently were
preceded by flight In the inverted attitude.

M order to obteln pertinent data concerning the
stability and control characteristics of airplanes in the
inverted attitude, tests were made of a typical present-
day fIghter airplane mode1 in the Langley free-flight
tunnel. The results of force, flight, and yaw-trim tests
of the model in the erect and in the inverted attitudes
are presented herein.
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2 NAOA ARR No. L5F25a

APPARATUS

Wind Tunnel

The tests were made in the Langley free-fllght tmnel,
a complete description of whtch is given in reference 1.
Photographs of the model flytig inverted in the test seo-
tlon of the tunnel are given in figures 1 and 2. The force
tests were made on the Langley free-flight-tunnel six-
oonponent balance. A description of the balance and its
operation is given in reference 2. The balsnoe so rotates
with the model In yaw that all fovces md moments ere
measured with resnect to the stability axes. The sta-
bility axes are axes h which the Z-axis is in the plane
of symmetry, pernendiculsr to the relative wind, and
directed downward; the X-axis is in the plane of symmn~ry,
perpendicular to the Z-axis, and direoted forward;
the Y-axis is perpendicular to the plane of symmetry and -
directed to the right.

A stsnd momted orIthe tunnel floor was used for all
yaw-trim tests. The mode1 when supported on this stend
was restrained in roll, could be locked at any desired
angle of pitc& and was completely free to rotate In yaw,
exoept for the negligible ball-bearing friction.

.
Model

.

1
—-scale model used In the tests is representa-‘e 10

tlve of present-day fighter design having a wing span
of 38.3 feet. The full-scale dimensicmal characteristlos
as represented by the test model are given in the fol-

.. lowing table: . . .

Xtngspan,feet...... . . . . . . . . . . . 38.3
Over-all length, i’eet. . . . . . . . . . . . . . . 34?
Propeller diameter, feet . . . . . . . . . . . . . 111
Number of propeller blades . . . . . . . . . . . . . z
Normal weight, pounds... . . . . . . . . . . . . 6170
Normal center-of-gravityposition,

percent mean aerodynamic chord . . . . . . . . . 24.5

.

.

.
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wing :
Area, squgre feet.... . . . . . . . . . . .
Inoidenoe of root (referencd) chord, degrees. .
Tip-chord incidence, degrees . . . . .,. . . .
Aepeotratio . . . . . . . . . . . . . . . . .
Taper ratio. . . . . . . .“. . . . . . . . . .
Sweepback of leading edge of wing, degrees . .
Dihedral at wing leadlng-edge reference

line, degrees 9***.* ● a
Mean geometrtc cho~dj &:h;s” : . . . . . . . .
Mean aerodynamic chord, inches
Distance of leading edge of mean”a~r~d~~~c”

9

chord behind leading-edge of root chord,
Inches. . . . . . . . . . . . . . . . . . .

Flap chord, percent wing chord . . . . . . . .

Ailerons:
Chord, percent wing chord . . . . . . . . . . .
Area behind hinge line, percent wing area . . .
Span, percent wing semispsn . . . . . . . . . .
Travel, degrees up and down . . . . . . . . . .

Horizontal tail surfaces:
Total area, square feet. . . . . . . . . . . .
Span, feet . . . . . . .
Elevator are; ;efii;dOh~n~e*l~n;,*squ-e feet .
Balance area, squerefeat . , . . . . . . . . .
Distance from normal center of grevity to

elevator hinge Mne, inches . . . . . . . .

Vertical tail surface:
Total area, squere feet. . . . . . . . . . . .
Rudder area behind hinge line, square feet . .
Balance area, square feet . . . . . . . . . . .
Distance frrxnnormal center of gravity to.

rudder hinge line, inches . . . . . . . . .

3

. 248

.1.0
$-0” 5

. 5.92
● 2:1

5.12

● 595

8$
7.6
2.5

6.11
15.0

1 .0
1?.6

● 52.5
15.0

44.1
13.2
10● 3
4.0

206.I

25.48
10.0
1“92

227.2

A three-view drawing of the model is given in figure 3
and photographs of the model are shown In figure 4.

Power wes supplied to the model propeller by an
electric motor rated 1/2 horsepower at 15,000 rpm. The
motor was geared to the propeller in the ratio of 3.6:1.
till power tests were made with a propeller blade angle
of 30° at 0.75 radius.

— -— .—
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SYMJ301S

CL

CD

cm

cl

Cn

Cy

Cx

T=

v

P
D

q

c

s

b

a

v

$

P

()lift coefflolent *

()drag coefficient -~

pitching-moment coefficient
( s )
Pltchtig moment

(Pitching moment positive when n~~e moves up. )

(Rolling moment
rolling-moment coefficient bS )

(Rollingmoment positive when sight wing is
depressed. )

( bS )
Yawing moment

yawing-moment coefficient

(Yswing moment positive when ~oaa moves to right. )

)‘L~tersl force
lateral-force coefficient \

\ @

longitudinal-force coefficient (
Longitudinal force

as )
(Cx = - CD when W= O)

effective thrust coefficient

velocity, feet per second

air density, slugs nor cubic

propeller diameter, feet

dynsmic pressure, pounds per

mean aerdoynamic chord, feet

wing area, square feet

wing span, feet

\ /

(Effective thrust

?VW )

foot

square foot &$)%

angle of attack of thrust line, degrees

angle of yaw, degrees

sngle of bank, degrees

angle of sideslip, degrees (-W)

.-. . ..
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Czp - .rate of chmge of rolling-moment ooefflclent withm -,. . .

()

b%
angle of sideslip, per degree ~... . .

Cn
?

Cyp

CD=

CL=

c%

rate of change of yawing-moment coefficient with

sngle of sideslip, per degree
()

~

a$

rete of change of lateral-force coefficient with

U

My
angle of sidesllp, per degree

T

rate of change of drag coefficient with sngle of

()

~CD
attec’<,pen degree ~

rat~ of cheng~ of lift coefficient with angle of

()

ac~
attack, p9r degpee ~

rate of cban~e of pltchlng-moment coefficient with
/bCmJ

ar.glaof attack, per degree
(K/J

-dCm
static margin for power-off condition., chords

~
(X/c)

x distance from center of gravity to neutral point, feet

8r rudder deflection, degrees; positive when left rudder
pedal is depressed in erect flight or when right
rudder pedal is depressed in inverted flight

8a aileron deflection, degrees

de . elsvetor deflection, degrees

TESTS

Tests in which the mod91 simulated a full-scale
airplane operating at Tc y O and 18OO brake horsepower
were run at a dynamic pressure of 1.9 pounds per squa-
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foot, which corresponds to an airspeed of approximately
27 miles per hour at standard sea-level conditions and to
a test Reynolds number of 166,400 based on the mean aero-
dynamic chord of 0.646 foot. Tests in which the model
simulated a full-scale airplane developing 3100 brake
horsepower were run at a dynamic pressure of 1.1 pounds
per squere foot. The data from all tests are referred
to the st~billty axes in the erect attitude, which inter-
sect at the center-of-gravity location thet is 24.5 percent
of the mesn aerodynamic chord. All tests were made with
flaps up.

Force Tests

Force tests were made to determine the stetic longi-
tudinal stebility of the model operating with power simu-
lating zero thrust and 18OO and 3100 brake horsepower for
the full-scale airplane. These tests were made over a
range of both negative and positive angles of attack In
order to determine the longitudinal stability character-
istics In the inverted and erect attitudes.

Values of thrust coefficient required to simulate
18OO and 3100 full-scale brake horsepower over the lift
rmge of the model tests are shown in figure 5. These
date are besed on an assumed full-scale propeller
efficiency of 80 percent.

Force tests over a range of yaw angles from 4.0°
to -40° were made to determine the static lateral sta-
bility characteristics at angles of attack of 8°
and -10°, which corresponded to lift coefficients of
approximately 0.6 and -0.6, respectively. The yaw tests
at a= 8° were made with power simulating zero thrust
and 3100 brake horsepower for the full-scale airplane
and the yew tests at a = -10° were made with power
simulating zero thrust and 18OO and 3100 brake horsepower
for the airplane. 112all yaw tests, the propeller speed
was set to give the proper amount of power at zero yaw
and was kept constant over the range of yaw angles.

Yaw-Trim Tests

The yaw-trim tests were made by deflecting the
rudder and noting the resulting trim angle of the model
mounted on the stand. Tests of this type are utilized
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In the Langley free-flight tunnel to
existence of rudder lock. The tests

7

indicate the possible
were made for a range

of rudder deflections of ~300 for power simulating zero –
thrust and 18OO brake horsepower for the airplane at
angles of attack of’80 and -1Oo.

Flight Tests

Flight tests were made to determine the general
flight behavior of the model in the erect and in the
inverted attitudes over a speed range corresponding to a
range od lift coeftic~ents from 0,35 to 0.58. For all
flight tests the propsller was removed and the static
margin was approximately 0.15.

RESULTS AND DISCUSSION

Presentation of Results

In interpreting the results of inverted flight tests,
two methods of analysis can be used. The inverted atti-
tude can be considered from the pilot?s viewpoint or from
considerations of control-fixed stability without regerd
to the pilot,

The stability and control conditions that would be
experienced by the pilot from his inverted position were
simulated in the force and yaw-trim tests of the present
investigation by testing an erect model at negative angles
of attack. The force-test data obtained in this manner
are referred to the axes shown in fi~ure 6(b) in order to
represent the inverted-attitude condition as it appears
to the pilot. In order to determine the control-fixed
stability characteristics, however, It was necessary to
transfer the force and

%
aw-trim data to the axes shown

in figure 6(c). Figure (c) shows that for considerations
of control-fixed stability, the change to inverted atti-
tude corresponds to a chan~e in basic cmfiguration. The
low-wtig design becomes a high-wing design with negative
geometric dihedral and the location of the tail surfaces
is changed.

A comparison of figure 6(b) with figure 6(c) shows
that in order to refer force-test data obtatied at nega-
tive angles of attack to the axes system of figure 6(c)
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the signs of the angles a and .~ and of’the coef-
fiC10nt8 CL, %ls Cy , and c~ must be reversed. The
signs of the coefficients CD and Cl, however, do not

change for any system of axes. Prom these considerations,
the derivatives CnP, cyp ~ %a~ c~s ~d ‘dCm/dCL,

obtained from negative angle-of-attack data, do not change
sign but the sign of the derivatives Ctp and CD= 1S

reversed when they ere referred to the axes system of
figure 6(c).

All force-test data obtained in the present investi-

7
ation are presented as tk.apilot would vlsualiza tham.
See fig. 6(a) for axes system in erect flight and

fig. 6 (b) for axes sys:em in invarted fMght. ) Some of
the force-tast date hare SISO bean corrected for sign in
accordance with tna preceding paragraph End sra refarred
to the stability axes (figs. 6(a) and 6(c)). All yaw-
trim-tast data are elso referred to the axes of fig-
ures 6(a) and 6(c).

Longitudinal Stability

The results of force tasts made to determine tha
longitudinal. stability of the model are presented in fig-
ura ‘7using the axes oi’figuras 6(a) and 6(b). These
d~ta are sho~m ral’erredto we stability axes for normal
flight (saa figs. 6(a) snd b(c)) in figures 8 and g.

The deta Of figure 8 show that for zero thrust
invarting the fl:ght attftude rasulted in an increase in
the static longitudinal stability but for power on
inverting the flight attituda resulted in longitudinal
instability.

The data of figura 8 are rearranged in figure 9 to
afford a direct comparison of the zaro-tb~ust and tha
high=power conditions for tha modal in the eract and h
the inverted attitudes. In the erect attitude, power
slightly Increesed the longitudinal stability, but in the
Inverted attitude, power was destabilizing and resulted
in longitudinal Instability. The increase in longitudinal
stability with power is attributed in part to the fact
that the canter of gravity Is below the thrust line In the
erect attitude and above the thrust line In the inverted
attitude. The stabilizing effect of power in the erect
attitude is unusual but has bean notad in other tests of
this design.
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The results of the flight tests made with propeller

characteristics of tQe model ‘h th~ invsrted’attltiidei “ -
No unusual dynemlc stability oharacterlstics were noted
in these tests end the flight behavior was similar to
that obtained in tm flights Of the model in the normal
er~ot attitude.

Lateral Stability

I

The basic data obtained from force tests made to
detemnlne the statle laterel stablllty characteristics of
the model are presented in figure 10 for the erect atti-
tude a- in figure 11 for the inverted ettltude.

Directional stability end trim.- The static
direc%lonal-stabillt model in the Inverted
attitude (fig. ab~eno~eferred to the stabillty
axes end are compered with corresponding data for the
model In the erect attitude in figure 12 to illustrate
the effect of attitude upon the static directional sta-
bility and trim.

The results presented in figure 12 show that inverting
the attitude with zero t-hrust slightly increased the direc-
tional stability for smell angles of yew but reduced the
range of yaw angles for which the model was directionally
stable. With power on, however, inverting the attitude
decreased the directional stability in addition to reducing
the range of yaw angles over which the model was direc-
tionally stable. The data also show that inversion almost
wholly eliminated the favorable effect of power upon the
directional stability.

The data presented in figure 12 have been rearranged
in figure 13 to show the effect of power in the erect end
in the inverted attitude. In the ereot attitude, power
greatly Increased the directional stability at the trim
ccmditlon (Cn = O) but reduced the range of yaw angles
for which the model was directionally stable. In the
inverted attitude, power did not substantially affect
the dlreotlonal stability at trim but caused-a large
reduction In range of yew angles for which the model was
stable.

The difference In power effects between the erect
end the inverted attitudes is attributed to the change of

—. -. — .— —. .- .-
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slipstream position lwithattitude. The results of calcu-
lations msde by the method of referenoe 3 to determine
the verticsl position of tha slipstream with respect to
the horizontal tail (fig. 4) indicate that for the par-
ticular design tested, Inverttig attitude shifted the
high-veloclty slipstream jet away from the vertical tail
surfaces and that consequently the directional stability
contributed by those surfaces was reduoed.

The results shown In figure 13 also indicate that the
shift or trim point in the inverted attftude with power
Is in the opposite direotlm from that h the ereot atti-
tude. This shift is attributed to the sidewash angles at
the tail fiduced by propeller rotation. ~ the erect atti-
tude the vertical tail 3s located in the upper part of the
slipstream jet where rotational effects are such as to
cause trim changes (yawing moments) In a negative direction.
Inverting the model attitude, however, shifts the relation-
ship of ths vertical tail to the slipstream jet so that
the vertical tail is pertly in the lower part of the slip-
stream jet ~d consequently the trim changes are reversed.

The results of the yaw-trim tests, Which supplement
the force-test results concerning the directional trim
characteristics of the model, are presented in figures 15
and 3.6. The data are plotted in figure 15 to show the
effeot of model attitude for each power conditicm and the
same data are rearranged in figure 16 to show the effect
of power on the directional trim characteristics for the
erect and for the inverted attitudes. These results are
In general sgreement with the foroa-test results and show
that inverting attitude caused the model to trim at larger
yaw angles with a given rudder deflection. For the
inverted atti~de with zero thrust, the fact that the
model trims at large yaw angles with rudder deflections

f
rester than -1Oo tidicates that rudder-force reversal
rudder lock) would probably occur h flight at this mn-
ditlon. With power on, similar Indications of rudder lock
are evident for both the erect and inverted attitudes,
and the data indicate that rudder lock is more likely to
occur In the inverted attitude. For the inverted attitude
with power on the model would trim at normal sngles of
yaw only with rudder deflections between 0° and 5°.

Dthedral effect.- A comparison of the effectlve-
dihedral characteristics of the model as measured by CZB

@lope of curve of ~lling-moment coefficient against yaw”

●

.

.
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angle) was obtained from the data of figures
for the erect and for the inverted attitudes

11

10 and 11
and iS ShOVIIl

plotted against the directional-stabilityparameter Cn

in figure 17. $’
The data for the inverted attitude shown

in this figure represent the data of’figure 11 corrected
for sign to the proper system of axes.

The data of figure 17”show that inverting the model
attitude for zero thrust reduced the effective-dthedral
parameter CZ9 from -0.0011 to 0.0004, which corresponds

approxlmately-to a 7.5° reduction in the effective dihedral.
This reducthn of effective dihedral with Inversion of
model attitude Is attributed to the change in geometric
characteristics accompanyl.nginversion. The test model
In the ereot position Is a low-wing model with 5.5° geo-
metric dihedral, but when Inverted it becomes in effect
a hi@-wing model with -5.50 geometric dihedral aud there-
fore has 11° less geometric dihedral. The difference in
the change in geometric and effective dihedral is attri-
buted to the fact thet,because of wjng-fuselage inter-
ference effects, a high-wing tirplane has a higher effec-
tive dihedral than a low-wing airplane with the same geo-
metrio dihedral.

Although for control-fixed stability the effective
dlhedrsl Is negative In the inverted attitude, it might
appear positive to the pilot~ A ccanparisonof the data
of figures 10 and 11 tidlcates that no change in the sign
of the effective dihedral occurs when erect and Inverted
fll@t data are referred to the axes of figures 6(a)
end 6(b). The pilot should therefore get the same rolllng
response from rudder kicks in the erect and inverted atti-
tudes end thus tight not recognize the existence of the
negative-dihedral condition.

The results presented in figure 17 show that power
application changed the effective dihedral In the nega-
tive direction regardless of model attitude. Consequently,
the negative dihedral of the model 5n the Inverted con-
dition becsme even more negative with power application.

In the flight tests of the model in the Inverted atti-
tude with propeller removed, the negative dihedral effect
wss evidenced by an increase ti the difficulty in con-
trolling the model laterally. ~ order to keep the model
flying In the center of the tunnel, the pilot had to use
aileron control more frequently than in fli ts in the

?erect attitude (positive-dihedralcondition .

.

.

-- .- .- - .. . .- . . -z------ ---- .__. . .- . . .— . .
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CONCLUSIONS

mode1 of a conventional low-wing
fighter airplane in the Langley free-fli@t tunne1 the
following conclusions were drawn regarding the stability
and control characteristics of the model in the inverted
flight attttude:

1. The fli@t characteristics of the model in
inverted fli~t with propeller removed were generally
satlsfactory. The lateral stability characteristics were
not so good as those in erect flight, however, because
Inverting fli@t attitude changed the effective dihedral
fra positive to negative. The negative effective dihe-
dral made laterally level flight difficult to maintati.

2. Power application chsnged the effective dihedral
in a negative directfon regardless of flight attitude.

3. The effect of.power on longitudinal and direc-
tional stability was much more serious in inverted flight
attitudes than in erect attitudes.

La’@ey Memorial Aeronautical Laboratory
National Advisory Committee for Aercmautics

Langley Field, Va.
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NACA ARR No. L5F25a Fig. 1

Figure l.- Test section of Langley free-flight tunnel
showing model flying in inverted attitude.
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e, .. . -.

Figure 2.- Model flying inverted in test section
of Langley free-flight tunnel.



:>

NACA ARR No. L5F.25a

I

1

Fig. 3

.$,

I -4!&

_—-

‘J-’”

II l-c .9” NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

fi9uTi2 3.-M&e/ u.sd }n free - fljgh} - Iunne/
Invest fgdton of &’bb/l/ty chdczcierl.sh cs
In /nverteci flight

. .. ..—.



I

NACA ARR No. L5F25a Fig. 4

Figure 4.- Plan view and side elevation of model used
in inverted-flight investigation in Langley free-
flight tunnel.
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z .

[a) Conventional stability axes for
normal erect flight. (Axes
about which basic force-test
data are measured. )

(b) Inverted axes as visualized by
pilot in inverted flight.
[Axes about which basic force-
test data for negative angles
of attack are measured.1

(c) Conventional stability axes for
inverted flight. (Axes to
which force-test data for
negative angles of attack are
referred for comparison with
data for positive angles of
attack. J

NATIONAL AOVISORY
COMMITTEEF02 AIROMUTICS

Figure 6.– Axes used toevolum’e sfgbilify
chorocferisfics in inverted f/ight lnves-
tigufion.
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Fig. 10 NACA ARR No.. L5F25a
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Fig. 11 NACA ARR No. L5F25a
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Fig. 14a-c NACA ARR No. L5F25a
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NACA ARR No. L5F25a Fig. 17
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